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Background of the Invention 

[0001] The present invention relates to optical pulse generators. 

[0002] Long-distance transmission of large amounts of information is currently 
being achieved by transmitting optical pulses representing digital data over fiber optic 
transmission lines. These optical signals comprise trains of light pulses having small pulse 
width densely packed with respect to time. The use of pulses having extremely short 
duration helps to pack more information along the transmission lines. A variety of 
techniques are currently being employed to generate such pulses, however, optical pulses 
produced by many conventional methods are accompanied by noise at the base of the optical 
pulse. Light components in addition to the optical pulse itself arise as a result of dispersion, 
non-uniformity of the effective fiber core area, loss, the influence of high-order dispersion 
and other effects in the optical fiber communication system. Such unwanted light 
components resemble a pedestal of noise on which the optical pulse appears to sit. This noise 
component can cause inter-symbol interference and thereby increase the bit error rate of an 
optical communication system. 

[0003] With the demand for transmission of more and more amounts of data, 
shorter and shorter duration optical pulses are desired. What is needed, therefore, are 
techniques and components for reducing the duration of optical pulses while minimizing or 
removing the aforementioned noise components accompanying the pulse. 

Summary of the Invention 

[0004] Optical pulses are narrowed in width and while suppressing noise. In one 
embodiment, an optical pulse shaper comprises a comb-like dispersion profiled fiber (CDPF) 
having end portions coupled so as to form an optical loop mirror. 

[0005] In another embodiment, a device for producing optical pulses comprises a 
four-way optical coupler having four ports, an input port, two side ports and an output port, 
the coupler defining an optical path from the input port to the two side ports and from each of 
the two side ports to the output port such that light received by the optical coupler through 



the input port is coupled to each of the side ports and light entering either of the side ports 
may be directed through both the input port and the output port. The device also comprises 
an optical path optically connecting the side ports such that light entering the input port and 
coupled to one of the side ports propagates through the optical path back into the other side 
port, the optic path comprising separate portions having different lengths and alternating in 
dispersive and nonlinear characteristics. In this embodiment, the lengths, dispersive and 
nonlinear characteristics are selected in accordance with characteristics of an input pulse such 
that input optical pulses propagating through the optical path are compressed in width and are 
phase shifted with respect to each other an amount to cause the pulses to interfere when 
combined in the optical coupler to separate out lower intensity noise components from peak 
signal components associated with the pulses. 

[0006] Methods of pulse compression are also provided. In one embodiment, a 
method of compressing an optical pulse to provide a reduced pulse width and to suppress 
noise comprises splitting the optical pulse into first and second portions of lesser magnitude; 
propagating the first portion in a first direction through a medium comprising at least four 
sections creating a comb-like dispersion profile, the sections alternating in dispersion level, 
the first portion undergoing pulse compression and phase shift with the propagation through 
the medium and propagating the second portion in a second direction opposite to the first 
direction through the medium comprising at least four sections creating a comb-like 
dispersion profile, the second portion also undergoing pulse compression and phase shift with 
the propagation through the medium. The method further includes combining and optically 
interfering the phase shifted pulse portions so as to suppress the noise. 

Brief Description of the Drawings 

[0007] FIGURE 1 is a schematic drawing of an optical pulse comprising a central 
peak rising above an elevated level of background noise; 

[0008] FIGURE 2 is a block diagram outlining a generally methodology for 
providing optical pulses; 

[0009] FIGURE 3 is a schematic drawing showing one embodiment of an optical 
pulse generator comprising an optical coupler having four ports, two of which are optically 
coupled to a fiber optic loop; 



[0010] FIGURE 4 is a schematic diagram depicting the fiber optic loop as 
comprising alternating segments of fiber exhibiting higher optical non-linearities and 
segments exhibiting higher dispersion; a plot on axis of length in arbitrary units and 
dispersion in arbitrary units) also depicts the dispersion profile through the length of fiber; 

[0011] FIGURE 5 is a graph on axes of phase shift (A§) and normalized output 
intensities from the output port of the coupler showing the relationship between relative 
phase of counter-propagating pulses in the fiber optic loop and the resultant output from the 
coupler; 

[0012] FIGURE 6 is a graph on axes of time (in picoseconds) and intensity (in 
arbitrary units) corresponding to the autocorrelation of an optical pulse input to the optical 
pulse generator; 

[0013] FIGURE 7 is a graph on axes of time (in picoseconds) and intensity (in 
arbitrary units) corresponding to the autocorrelation of the output from the optical pulse 
generator resulting from the input depicted in FIGURE 6; 

[0014] FIGURE 8 is a schematic drawing of another embodiment of an optical 
pulse generator that includes an optical amplifier in the fiber optic loop; 

[0015] FIGURE 9 is a schematic drawing of another embodiment of an optical 
pulse generator that includes a chirp compensation fiber; 

[0016] FIGURE 10 is schematic drawing of another embodiment of an optical 
pulse generator that includes an intensity modulated optical source optically connected to 
provide input to the optical coupler; 

[0017] - FIGURE 1 1 is a graph on axes of time (in picoseconds) and intensity (in 
arbitrary units) corresponding to the autocorrelation of the waveform generated by beating 
two separate light sources included in the modulated light source of FIGURE 10; 

[0018] FIGURE 12 is a graph on axes of time (in picoseconds) and intensity (in 
arbitrary units) corresponding to the autocorrelation of the output from the optical pulse 
generator having as input the waveform whose autocorrelation is depicted in FIGURE 1 1 ; 

[0019] FIGURE 13 is a schematic drawing of an embodiment of an optical pulse 
generator that includes another type of modulated optical source optically coupled to one of 
the ports of the optical coupler; 



[0020] FIGURE 14 is a schematic drawings of an embodiment of an optical pulse 
generator that includes a polarization controller to fix the polarization state of light input into 
the fiber coupler; 

[0021] FIGURES 15 and 16 are schematic drawings of embodiments of an optical 
pulse generator similar to those depicted in FIGURE 10 further comprising additional 
alternating segments of fiber exhibiting higher optical non-linearities and segments 
exhibiting higher dispersion for providing pulse compression prior to input into the fiber 
optic coupler and the fiber optic loop; 

[0022] FIGURE 17 is a graph on axes of time (in picoseconds) and intensity (in 
arbitrary units) corresponding to the autocorrelation of a waveform input into the opitcal 
coupler of FIGURES 15 and 16; 

[0023] FIGURE 18 is a graph on axes of time (in picoseconds) and intensity (in 
arbitrary units) corresponding to the autocorrelation of the output from the optical pulse 
generator (i.e., from the optical coupler) having as input the waveform whose autocorrelation 
is depicted in FIGURE 17; and 

[0024] FIGURE 19 depicts graphs on axes of time (in picoseconds) and intensity 
(in arbitrary units) corresponding to the autocorrelation of a pulse after propagating 
clockwise (cw) around the fiber optic loop and the autocorrelation of the optical pulse 
produced by interfering clockwise (cw) and counter-clockwise (ccw) propagating pulses 
within the optical coupler showing the noise reduction provided by the device. 

Detailed Description of the Preferred Embodiment 

[0025] Embodiments of the invention will now be described with reference to the 
accompanying Figures, wherein like numerals refer to like elements throughout. The 
terminology used in the description presented herein is not intended to be interpreted in any 
limited or restrictive manner, simply because it is being utilized in conjunction with a detailed 
description of certain specific embodiments of the invention. Furthermore, embodiments of 
the invention may include several novel features, no single one of which is solely responsible 
for its desirable attributes or which is essential to practicing the inventions herein described. 

[0026] As described above and depicted in Figure 1, optical pulses derived from 
conventional pulse compression devices propagating through fiber optic communication 



systems may comprise a central peak 10 having a pulse width, w, that is accompanied by 
noise components 12 extending beyond the width of the central peak. Because this noise has 
lower amplitude and is wider in temporal extent than the peaked component 10 of the optical 
pulse, the noise component 12 is often characterized as a "pedestal" from which signal pulse 
peak rises. Preferably, a method such as outlined in block diagram form in Figure 2, can be 
employed to provide cleaner optical pulses substantially devoid of this noise pedestal 12 or at 
least to significantly reduce this noise component. The method comprises (1) compressing 
the optical pulse and (2) substantially reducing the noise component 12. Preferably, both of 
these functions are performed by a single device. By compressing the optical pulse it is 
meant that the temporal duration of the pulse is reduced; it is made shorter in time, i.e., the 
peak 10 is made more narrow. Starting pulse widths corresponding to full width at half 
maximum (FWHM) of about 2-3 picoseconds, for example, be compressed to less than 1 
picosecond. Some systems may provide output pulses under 500 femtoseconds wide. Pulse 
widths outside these ranges are also considered possible. Preferably, this noise is decreased 
by about 5 dB or more. Performance levels outside these ranges are also considered 
possible. 

[0027] To compress the optical pulse and substantially reduce the noise, the 
optical energy from the pulse is split into first and second portions. As illustrated by block 
20, the first portion is propagated in a first direction through a comb-like dispersion profiled 
fiber (CDPF) described more fully below. The second portion (see block 25) is propagated in 
the opposite direction through the comb-like dispersion profiled fiber. Accordingly, two 
counter-propagating pulses are sent through the comb-like profile fiber which provides pulse 
compression. During propagation through the CDPF, the non-linear optical properties of the 
CDPF induce phase shifts in the pulses. Dispersive properties of the CDPF reduce the 
temporal width of the pulse. Due to the non-symmetric structure of the CDPF in the two 
different directions, the amount of phase shift induced in the optical pulses is different for the 
two oppositely directed pulse portions. At block 30 of Figure 2, the phase shifted pulse 
portions are recombined, producing an output pulse in which the lower intensity noise is 
suppressed. 



[0028] A diagram of a device for providing both pulse compression and for 
removing this noise component 12 is presented in Figures 3 and 4, wherein Figure 4 
illustrates the fiber loop of Figure 3 as a straight line for clarity of illustration. Pulse 
compression is achieved by providing a propagation path through an optical medium having 
alternating non-linear and dispersive properties. Thus, a first segment of the path may be 
through a medium having an index of refraction with relatively high non-linearity, that is, 
whose value varies with intensity of the optical signal propagating therethrough. This non- 
linear optical medium is followed by a relatively dispersive optical medium whose index of 
refraction varies with wavelength. Preferably, the non-linear optical medium has 
substantially higher non-linearity than the dispersive medium while the dispersive optical 
medium is substantially more dispersive than the nonlinear optical medium. Together the 
non-linear optical medium and the dispersive propagation paths make up a module for 
compressing the pulse. A series of such modules can be concatenated to provide enhanced 
pulse compression. The amount of nonlinearity and dispersion in each segment may be less 
or the duration that the pulse is exposed to such nonlinear and dispersive regions may be 
different along different portions of the path. The nonlinear and dispersive optical mediums 
preferably comprise optical fibers but may comprise any material or structures having 
substantial non-linearities or dispersive properties such as for example discrete optical 
components (e.g. optical crystals) as well as waveguides. Photonic crystals such as 
chalcogenide fibers may, for example, be suitably employed. 

[0029] The optical device depicted in Figure 3 includes a plurality of pulse 
- compression modules having ends optically coupled so as to form a fiber optic mirror 
configuration that simultaneously provides enhanced pulse compression and to substantially 
remove the noise pedestal 12 at the base of the pulse peak 10. This optical device 100, herein 
also referred to as an optical pulse generator, includes a 2 x 2 optical coupler 200 having four 
ports 220, 240, 260, 280. This coupler 200 preferably comprises a fiber optic coupler but 
may comprise other waveguide couplers such as planar or buried waveguide devices or other 
types of waveguide structures. Still other forms of coupling devices having the appropriate 
performance characteristics may also be employed. 



[0030] A general description of an optical loop mirror is provided, e.g., by N. J. 
Doran et al in Non-linear optical loop mirror . Optical Letters, Vol. 13, No. 1, January 1988, 
pp. 56-58, which is hereby incorporated by reference in its entirety. In the optical loop 
mirror described therein, two optical ports of an "X" fiber coupler are joined. In this manner, 
a single input is split into two counter-propagating fields, which return in coincidence to 
recombine at the coupler. 

[0031] In the design depicted in Figure 3, the optical coupler 200 has two 
input/output ports 220, 240, and two fiber loop ports 260, 280 based on their use and/or the 
optical connections made therewith. The first input/output port 220, hereinafter referred to as 
the "input port", is optically coupled to a source of optical pulse. The optical coupler 200 is 
configured such that an optical signal input into this first input/output port 220 will be split 
between the two fiber loop ports 260, 280. The light is divided between the two fiber loop 
ports 260, 280 according the branching ratio a:l-a. A second input/output port 240, 
hereinafter referred to as "output port", typically corresponds to the output of the optical 
pulse generator. The optical coupler 200 is configured such that light propagating into the 
first loop port 260 (or the second loop port 280) is split and exits the optical connector 200 
through the input and output ports 220, 240. 

[0032] The optical pulse generator 100 further comprises a length of optical fiber 
300 having two ends 380, 390 optically connected to the first and second loop ports 260, 280, 
respective. The result is an optical path between the first and second loop ports 260, 280, 
herein referred to as a fiber optic loop 350. 

[0033] - The amount of light entering these two ports 260, 280 is divided according 
to the branching ratio of oc:l-ot. One of the two pulse portions enters the optical fiber loop 
300 through the first loop port 260 and propagates through the optical fiber loop in the 
clockwise (CW) direction. The other pulse portion enters the optical fiber loop 300 through 
the second loop port 280 and propagates in the counter-clockwise (CCW) direction. The two 
signals are combined again in the optical coupler 200 after propagating through the length of 
the optical fiber loop 350. To equalize the polarized states of the two signals, polarization 
controllers 360 may be provided in the optical fiber loop 350. 



[0034] The length of fiber 300 forming the optical fiber loop 350 comprises a 
plurality of sections or segments 301, 302, 303, 304, 305, 306, 307, 308. Some of the 
segments 301, 303, 305, 307 comprise a nonlinear optical medium having an optical index of 
refraction whose value varies with the intensity of light propagating therein. This medium, 
for example, may have a nonlinear optical coefficient that ranges from about 5 to 10 W'km" 1 
or more preferably between about 10 to 15 W'km" 1 . Values outside these ranges are also 
considered possible such as 2.5 W^km" 1 typical of standard optical fiber. Other segments 
302, 304, 306, 308 comprise a dispersive medium, having an index of refraction that varies 
with wavelength. In one embodiment, for example, the nonlinear sections comprises 1550 
nanometer (nm) band zero-dispersion shifted fibers segments (DSFs), and the dispersive 
sections comprise 1300 nm band zero-dispersion fibers, i.e., signal mode fiber (SMFs). The 
DSFs and SMFs differ from each other in dispersion, as shown by the plot in Figure 4, which 
depicts a comb-like dispersion profile comprising alternating high and low dispersion 
regions. Such a configuration may be employed to compress a pulse having a wavelength of 
about 1550 nm. 

[0035] In the optical fiber loop 350, the two types of optical fibers differing in 
nonlinear optical coefficient and in dispersion characteristic are alternated. A total of eight 
fiber segments 301, 302, 303, 304, 305, 306, 307, 308 comprising the optical fiber 
transmission path 300 are shown in Figures 3 and 4, however, any number of such sections 
can be employed. Preferably, three or more; more preferably, more than 6 such sections are 
included in the length of fiber 300. Also, the eight segments 301, 302, 303, 304, 305, 306, 
307, 308 are attached to each other to form a continuous path of alternating media, other 
configurations are possible. For example, one or more of the segments or connections 
therebetween can be interrupted with other components or even separated by free-space 
regions. Preferably, however, the fiber optic line 300 forms a continuous propagation path 
with minimal loss for an optical signal propagating therethrough. 

[0036] As shown, the fiber segments 301, 302, 303, 304, 305, 306, 307, 308 may 
each have a different length. Moreover, the length advantageously tends to get smaller from 
one end of the loop to the other. The lengths of both types of fiber segments 301, 302, 303, 
304, 305, 306, 307, 308, the nonlinear fiber and the dispersive fiber segments, may be 



continuously and monotonically reduced such that each succeeding fiber in the cw direction 
(or ccw direction) is shorter than the preceding fiber. The design of the fiber line 300 is not 
limited to such continuous and monotonic variations. Preferably, segments are arranged to 
be non-symmetric with respect to different directions of propagation, i.e., the fiber line 300 
acts differently upon forward and backwards propagating light beams. 

[0037] In one preferred embodiment, the nonlinearity per unit length, i.e., the 
value of the nonlinearity coefficient is substantially constant throughout the plurality of 
nonlinear segments 301, 303, 305, 307. Similarly, the dispersion per unit length imposed on 
a light beam propagating therethrough is constant through the plurality of dispersive 
segments 302, 304, 306, 308. 

[0038] The above described alternating arrangement of fiber has been termed a 
"comb-like dispersion profiled fiber" (CDPF) and an embodiment of a CDPF comprising 
alternating segments of dispersion shift (DSF) and standard telecommunication fibers (STF) 
spliced together to pro vied pulse compression is described in S. V. Chernikov et al, 
Integrated all optical fibre source of multi gigahertz soliton pulse train . Electronics Letters, 
Vol. 29, No. 20, September 30, 1993, pp. 1788-1789, which is hereby incorporated herein by 
reference in its entirety. See also Eric A. Swanson et al, 40-GHz Pulse Train Generation 
Using Soliton Compression of a Mach-Zehnder Modulator Output . IEEE Photonics 
Technology Letters, Vol. 7, No. 1, January 1995, pp. 114-116, which is also hereby 
incorporated herein by reference in its entirety. 

[0039] To operate the optical pulse generator 100, an optical signal comprising an 
optical pulse is supplied to the input port 220 of the optical coupler 200. This optical signal 
is split by the optical coupler 200 into two beams each containing a portion of the optical 
pulse energy, one for each of the two fiber loop ports 260, 280. 

[0040] Without being limited to any particular theory, operation of the CDPF 
loop mirror of Figure 3 may be qualitatively described as follows. For this discussion, it is 
assumed that two beams of laser light having different wavelengths are beat together to 
produce a pulsed signal. The two wavelength beams are input into the optical coupler 200 
through the input loop port 220. A portion of the two wavelength beams are coupled into the 
fiber line 300 via the first fiber loop port 260 and propagates in the CW direction through the 



loop 350. As a result of the four-wave mixing process, sideband components in the spectrum 
are produced. These sidebands result in chirping of the signal. As the chirped pulse 
propagates through the second segment 302, its dispersive character acts on the pulse to 
transform the chirped signal into a compressed signal. Dispersion in this segment causes 
certain frequency or wavelength components to propagate at a slower velocity than others. 
Preferably, the chirps in the rising and falling portions of each pulse are compensated for by 
an anomalous dispersion effect on the above-described optical pulses, thereby reducing the 
pulse width. For example, the fiber line is preferably configured such that the frequency 
components at the leading edge are slowed with respect to the remainder of the pulse. 
Ideally, this delay is less than the temporal width of the pulse such that the leading edge is 
delayed so as to overlap in time the remainder of the pulse. The outcome is a pulse with a 
shorter resultant pulse width and an increased peak value. 

[0041] In the third fiber segment 303, the light pulse experiences self-phase 
modulation as a result of the non-linearity of the refractive index of that structure. Self-phase 
modulation is a consequence of the strong dependency of the nonlinear optical index of 
refraction on the intensity of light. Peaks in intensity cause the refractive index to change 
thereby producing phase shifts in the optical signal. The intensity variation corresponding to 
the, pulse of light is transformed into phase and ultimately a frequency that shifts over the 
duration of the optical pulse and as a consequence, the frequency spectrum of the pulse is 
widened. 

[0042] The chirped signal enters the fourth segment 304 of the fiber loop 350 
which comprises optical fiber having a pronounced dispersive effect. In the fourth-stage 
fiber segment 304, the chirps experience temporal shifting due to the dispersion. Preferably, 
the leading edge components are delayed with respect to the central portion of the pulse such 
that the leading edge overlaps the central peak 10. Similarly, the trailing edge of the pulse is 
preferably accelerated with respect to the central peak such that the trailing edge overlaps the 
central portion of the pulse. The pulse width is thereby further reduced while its peak is 
heightened. 

[0043] The process of chirping the pulse and temporally delaying the portions of 
the pulse to reduce its duration are repeated twice more in the remaining four segments 305, 
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306, 307, 308. In this manner, the width of the optical pulse is made progressively shorter 
and the peak progressively higher. As discussed above, the number of segments is not 
limited to eight and the number of times the pulse is compressed is not limited to four. More 
or less segments may be employed to compress the pulse in stepwise fashion. 

[0044] An optical pulse propagating through the fiber optic loop 350 in the CCW 
direction undergoes the same nonlinear and dispersion effects as those described above in the 
process of passing through the fiber segments. However, since the structure of the fiber loop 
350 is asymmetric as seen by the two propagating pulses, the optical pulse propagating 
through the fiber in opposite directions experience different changes and the rates of 
L, compression of the two optical pulses finally output are different. For example, the counter- 

ed clockwise propagating wave may have undergone a small amount of compression and a small 

in 

m increase in peak intensity when it enters the fifth segment 305. In contrast, the clockwise 

21 propagating wave will be much narrower and have a higher peak value when it reaches the 

k s i fifth segment 305. Thus, clockwise and counter-clockwise propagating pulses will be phase 

= 

D shifted with respect to each other after they have propagated through the loop 350 when they 

;»g return to the optical coupler 200 as a result of the nonlinear effect that they undergo during 

J: propagation through the loop. 

fy [0045] Generally, nonlinear phase shifts caused in light propagating through a 

fiber optic loop 350, e.g. formed of eight fiber segments 301, 302, 303, 304, 305, 306, 307, 
308 as shown are expressed by the following equations: 

8 

- - t-1 

8 

<f>cc W =Z^ 7 ^A ( 2 ) 

where y { is the nonlinear optical coefficient of the z th fiber segment, Ij is the intensity of light 
input to the i th fiber segment, and L( is the length of the z ,th fiber segment. The coefficient Yi is 
equal to 2nn 2 /A ef fX 9 where n 2 is the nonlinear refractive index, A efr is the effective fiber core 
area, and X corresponds to wavelength. 

[0046] From comparison between equations (1) and (2), it can be understood that 
since the intensities of light {I C wi> Iccwi) °f the two pulse components as they propagate 
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through each fiber segment 301, 302, 303, 304, 305, 306, 307, 308 are different from each 
other, the total phase shifts (^ cvv , (j>ccw) caused in the two pulse components in the optical 
fiber 300 are also different from each other. 

[0047] P. Franco, M. Midrio, A. Tozzato, M. Romagnol and F. Fontana, 
"Characterization and optimization criteria for filterless erbium-doped fiber lasers", J. Opt. 
Soc. Am. B 11, No. 6, 1090 (1994) and C.R. Giles and Di. Giovanni, "Spectral Dependence 
of Gain and Noise in Erbium-doped Fiber Amplifier", IEEE Photon. Tech. Lett. . 2, No. 11, 
797 (1990), among other references, provide the mode coupling equations for expressing 
transfer of energy between the modes of two waveguides positioned in close proximity to 
each other. According to this relationship, the electric field coupled from one waveguide to 
the other waveguide has a phase shift value of n/2 relative to the initial electric field. 

[0048] Thus, for the two pulse components upon returning to the optical coupler 
200 at the first and second loop port 260, 280 the relationship between the input electric field 
at the input port 220 and electric field at the loop ports 260, 280 is shown the following 
relationships: 

E L P1 = a 1/2 E in (3) 
E LP2 = i(l-a)l/2-E in (4) 

where Eipj is the electric field of the pulse at the first loop port 260 having propagated 
around the fiber loop 350 in the CCW direction and EiP2 is the electric field of the pulse at 
the loop port 280 having propagated around the loop in the CW direction; E( n is the electric 
field of the optical pulse input to the pulse generator 100 at the input port 220, a is the 

branching ratio of the optical coupler and i = V-T . 

[0049] Since each pulse component has been phase-shifted as a result of 

propagation around the optical fiber loop 350, Eipj and E^p2 are expressed by the 
following equations: 

E U = aM.E in expi«™ (5) 
E L 2 = i(l - a)l/2E in expi*ccw (6) 

The intensity I ou t of the output pulse from the output port 240 is shown by the following 
equation: 
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Iout = \E 0 ut\ 2 = \ELl+E L2 \ 2 

= \E in \ 2 [l - 2a(l - a)(l + co^ CCM; - <f> cw ))J 

= hn[l ~ 2a(l - a)(l + c^^ ccvt; - </> cw ))] (7) 

Figure 5 illustrates this relationship between the intensity output from the output port 240 and 
the phase difference (A</> = </> ccw - <j) cw ) between the two signals propagating CW and CCW 
around the loop 350. The output intensity is normalized by dividing out the input intensity. 
Plots are shown for several branching ratios (a) for the optical coupler 200. One hundred 
percent (100%) transmission of the intensity of the optical pulse input into the pulse 
generator 100 is output through the output port 240 when the phase shift A(|> is mn and m is 
an odd integer value. 

[0050] The value of the nonlinear phase shifts A§, i.e., the difference between 
</) ccw and $ cw , depends on the intensity of the light pulse as it propagates through each of the 
segments 301, 302, 303, 304, 305, 306, 307, 308 of the fiber 300 as illustrated in equations 
(1) and (2)^ Accordingly, the specifications of the optical fiber pulse generator 100, such as 
the kind and the length (Lf) of optical fibers used as the fiber segments 301, 302, 303, 304, 
305, 306, 307, 308 as well as the characteristics of the input signal, i.e., intensity (If), pulse 
width and pulse period supplied to the input port 220, can be appropriately selected to 
maximize the coupling into the output port 240 of the high intensity components. Similarly, 
parameters can be chosen such that the low intensity noise components are not coupled to the 
output port 240 but are sent back through the input port 220 instead. The main pulse 
component 10 of the optical pulse having a high intensity can therefore be directed through 
the output of the pulse generator 100. Meanwhile the noise component 12 existing in a foot 
portion of the optical pulse and having a low intensity is separated and returned to the input. 
The resultant output pulse obtained from the output port 240 is an optical pulse whose pulse 
width has been reduced and from which a noise component 12 has been removed. 

[0051] A variety of parameters will affect the switching of the fiber optic loop. 
For example, the non-linearity and dispersion provided by the fiber segments 301, 302, 303, 
304, 305, 306, 307, 308 are variables that affect the phase shift. The combination of optical 
fibers can be optimized by adjusting the lengths of the fibers in relation to the nonlinearities 
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and dispersion characteristics of the optical fibers and the conditions of the input optical 
pulse^ Other parameters, such as branching ratio a of the optical coupler 200 and the 
characteristics of the input pulses, intensity, shape, width, period may also influence the 
switching; however, the coupler and optical fiber 300 can be appropriately designed to 
provide for such switching of the peak portion and noise portion of the pulse. 

[0052] As discussed above, a number of segments 301, 302, 303, 304, 305, 306, 
307, 308 are concatenated together to provide for generation of short width pulses. In 
addition, the lengths of the fiber segments 301, 302, 303, 304, 305, 306, 307, 308 are 
progressively reduced (or increased) along the length of the fiber 300 in the fiber loop 350 to 
enhance the compression. The lengths of the fiber segments and the strengths of the 
nonlinear and dispersive effects therein are preferably appropriately selected for the particular 
intensity of the pulse to separate the central peak of the pulse from the noise as described 
above. The large number of different segments and the varying lengths complicates this 
process, and may be one of the reasons why no CDPF has previously been utilized in a loop 
mirror configuration. Calculations show that the fiber segments 301, 302, 303, 304, 305, 
306, 307, 308 can be appropriately selected such that the CW and CCW propagating waves 
provide pulse compression and moreover that the noise component can be switched out of the 
output pulse. 

[0053] Figures 6 and 7 show the autocorrelation of an exemplary set of optical 
pulse input into the input port 220 and output from the optical pulse generator 100, 
respectively. The pulses that enter the input port 220 of the coupler 200 have a FWHM pulse 
width of between about 4-6 picoseconds. These pulses are substantially reduced in width as 
shown in Figure 7, which depicts the pulses output from the output port 240 of the coupler 
200 as having a pulse width (FWHM) of less than 2 picoseconds. In addition, the noise 
pedestal has been reduced substantially. 

[0054] In some embodiments, an optical amplifier 400 can be inserted in the fiber 
loop 350 as shown in Figure 8. In this embodiment, the optical amplifier 400 is between the 
second and third fiber segments 302, 303. An Er-doped fiber amplifier (EDFA), for example, 
may be used as optical amplifier 400 to amplify, e.g., an optical pulse in the 1550 nm band. 
An optical fiber loop mirror containing a Nd 3+ -doped fiber amplifier is described in M. E. 
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Fermann et al, Nonlinear amplifying loop mirror . Optics Letters, Vol. 15, No. 13, July 1, 
1990, pp. 752-754, which is hereby incorporated herein by reference in its entirety. 

[0055] The phase shifts caused in the pulses propagating in the CW and CCW 
directions through the optical fiber loop 350 with the optical amplifier 400 inserted therein 
are also characterized by equations (1) and (2). The intensity of light (I cw ) of the signal 
propagating in the CW direction, passing through the optical amplifier 400 and input to the 
third fiber segment 303 is amplified, as is the intensity of CCW propagating signal (I C w)> 
passing through the optical amplifier and input to the second fiber segment 302. For this 
case, the output electric field (E OU f) from the output port 240 of the optical coupler 200 is 
also shown by equation (7) as described above. 

[0056] Consequently, if the output electric field coupled into the output port 240 
is to be maximized, the parameters of the device, such as the type and length of optical fibers 
segments and the branching ratio (a) of optical coupler may preferably be suitably selected. 
Included in the type of optical fiber segment is the value of the nonlinear optical coefficient 
as well as amount of dispersion. In addition to considering the intensity of input pulse 
supplied to the input port, in this case, the place in which the optical amplifier 400 is 
disposed and the gain it provides, are likely factors that affect performance. Preferably, they 
are selected such that the pulse width of the output pulse is reduced and the pedestal noise is 
substantially removed. 

[0057] In another embodiment, a highly nonlinear optical fiber having particular 
characteristics, e.g., those shown in the TABLE below, is employed as the nonlinear optical 
medium in the fiber optic loop 350. -The y value of this highly nonlinear optical fiber is about 
five times larger than that of ordinary 1550 nm band zero-dispersion DSF which is about 2.5 
W^km" 1 . If a highly nonlinear optical fiber is used (e.g. as fiber segments 301, 303, 305, and 
307) to obtain the necessary nonlinear effect on the optical pulses, the fiber length can be 
reduced relative to that in the case where the ordinary optical fiber is used. If at least some 
of the fiber segments can be shortened by using such a highly nonlinear optical fiber, the 
overall length of the optical fiber loop 350 can be reduced. Consequently, the transmission 
loss can be reduced and the variation in the polarized state of the optical pulse propagating 
through the fiber loop 350 can be limited. 
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[0058] Other fiber having different nonlinear optical coefficients, for example, 
ranging between about 5 and 10 W'km" 1 or more preferably between about 10 and 15 W'km" 
1 can be used. Preferably, the fiber segments 301, 302, 303, 304, 305, 306, 307, 308 have 
lengths less than about 1000 meters and more preferably between about 0.3 and 200 meters. 
Other fibers having different values of nonlinear optical coefficient and/or lengths are also 
possible. 



TABLE 


Parameter 


Value 


Transmission loss 


0.61 dB/km 


Zero-dispersion wavelength (A, 0 ) 


1565.5 nm 


Dispersion slope 


0.029 ps/nm 2 /km 


Nonlinear optical coefficient (y) 


13.8 W W 1 



[0059] The optic fiber loop 350, the optical coupler 200, and/or the optical 
amplifier 400 may comprise polarization-maintaining optical fiber. In the case where each of 
the optical fiber loop 350, the optical coupler 200, and the optical amplifier 400 comprise 
optical fiber that does not maintain polarization, the polarized state in the optical fiber varies. 
Moreover, the two pulse components propagating around the loop 350 in the CW and CCW 
directions possess different polarized states when combined in the optical coupler 200. 
Variation in the intensity of the output pulse obtained through the output port 240 can result. 
To avoid this problem, the polarized states of the two signals propagating around the optical 
fiber loop 350 can be made the same by providing the polarization controllers 360 in the 
optical fiber loop 350. 

[0060] If, however, each of the fiber segments 301, 302, 303, 304, 305, 306, 307, 
308, the optical coupler 200, and the optical amplifier 400, comprise polarization- 
maintaining optical fiber, a polarization controller 360 need not be provided in the optical 
fiber loop 350. The polarization state of the pulse input through the input port 240 is 
maintained during transmission through the optical pulse generator 100. Effective mode 
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coupling of pulse components in the optical coupler 200 can be achieved without any 
polarization controller 360. 

[0061] A chirp compensation fiber 500 may also be included, for example, by 
being optically connected to the output port 280 of the optical coupler 200 as illustrated in 
Figure 9. In some cases, an optical pulse output through the output port 280 is accompanied 
by a chirp. The chirp compensation fiber could compensate for chirp on the pulse output 
from the coupler and thereby further reduce pulse width. 

[0062] An optical pulse source for use in optical communication can be fabricated 
with the pulse generator/shaper of Figure 3. An intensity modulated light source 600 can be 
optically coupled to the input port 220 as shown in Figure 10. This light source 600 may 
comprise two wavelength variable light sources 610, 620, an optical coupler 630, and an 
optical amplifier 640. Two optical pulses output respectively from the wavelength variable 
light sources 610, 620 are combined by the optical coupler 630 to form a beat signal. This 
beat signal is intensity-amplified by the optical amplifier 640 and is directed into the input 
port 220 of the optical coupler 200 for transmission through the fiber loop 350. An optical 
isolator 650 may be inserted between the intensity modulated light source 600 and the input 
port 220 to prevent light returned from the optical fiber loop 350 from reaching the light 
source 600. 

[0063] Figure 1 1 shows the autocorrelation of an exemplary beat signal generated 
by the above-described intensity modulated light source 600. The beat signal is obtained by 
activating the two light sources 610, 620 which provide two beams each having a wavelength 
near 1565 nm but offset from each other by_about 0.8_ nm. These two beams combine in the 
optical coupler 630 to produce a beat signal with a pulse period of about 100 GHz. Figure 12 
shows an autocorrelation trace of the optical pulse output from the output port 240 of the 
optical pulse generator 100 when the above-described beat light is supplied as an input pulse. 
An optical pulse having a reduced pulse width is obtained from the optical pulse generator 
100. The noise component at the base of the pulse is also substantially absent. 

[0064] As shown in Figure 13, a different intensity modulated light source 700 
comprising a variable wavelength light source 710, an intensity modulator 720 optically 
connected to the variable wavelength light source, an electrical signal generator 730 
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electrically connected to the intensity modulator. An optical amplifier 740 is optically 
connected to the intensity modulator 720 and an optical isolator 750 is inserted between the 
intensity modulated light source 700 and the input port 220 of the optical pulse generator. 
An optical pulse of a predetermined wavelength is output from the wavelength variable light 
source 710 and is modulated by the intensity modulator 720, which is controlled by 
electrical signal generator 730. The output of the optical modulator 720 is amplified by the 
optical amplifier 740 before being supplied to the input port 220. 

[0065] A polarization controller 800 can be inserted between the source of light 
and the optical coupler 200 as shown in Figure 14. As described above, the polarization 
controller 800 regulates the state of polarization of pulses entering the optical coupler 200 to 
provide an optimum state of polarization. Preferably, the optical coupler 200 and the fiber 
optic line 300 are substantially polarization-maintaining. In this case, polarization controllers 
360 need not be included in the fiber loop 350. 

[0066] Other designs for providing a fixed polarization state can be realized as 
illustrated in Figure 15 where the light sources 610, 620 within the intensity modulated light 
source 600 comprise wavelength variable light sources having a characteristic for producing 
a constant polarization output, i.e., the polarization state remains substantially fixed over 
time. In one example, a distributed fiber Bragg laser diode (DFB-LD) can be used as the 
wavelength variable light source. Two beams of light output from 1 each of the laser diodes 
610 and 620 are combined by the optical coupler 630 preferably in a manner that the 
polarization of the two beams are identical. The two signals are beat together to produces a 
modulated signal comprising a plurality of .short pulses. Preferably, the optical components, 
e.g., the fiber optic loop 350 and the fiber optic coupler 200, through which the pulses 
propagate are polarization maintaining such that the state of polarization of pulses is 
preserved. In such cases, a polarization controller is not needed. 

[0067] Additionally, the embodiment depicted in Figure 15 includes a section of 
optical fiber 900 designed to provide pulse compression that is inserted between the light 
source 600 and the optical coupler 200. This section 900 may comprise an optical fiber 
having a comb-like dispersion profile. In particular, this section 900 may comprise a 
plurality of segments wherein adjacent segments differ in dispersive and nonlinear 
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characteristics. In one embodiment, for example, a first segment 910 may comprise a 1.55 
jam band zero-dispersion fiber (DSF) providing optical non-linearity, followed by a second 
segment 920 comprising 1.3 jam band zero-dispersion fiber (SMF), which is dispersive, 
followed by a third segment 930 comprising 1.55 jam band zero-dispersion fiber (DSF) that is 
optically non-linear. This comb-like dispersion profile fiber section 900 is designed to 
produce a pulse compression prior to entry into the fiber loop 350. 

[0068] The optical fiber loop 350 comprises three fiber segments 940, 950, 960, 
the first and third 940, 960 comprising dispersive single mode fiber (SMF), and the second 
segment 950 comprising zero-dispersion shifted fiber (DSF) that is optically nonlinear. Light 
output by the two wavelength variable light sources 610, 620 are combined by the optical 
coupler 630 and produce beat signal containing a plurality of pulses. These optical pulses, 
amplified by the optical amplifier 640, travel through the optical isolator 650 onto the CDPF 
section 900 before entering the fiber loop 350. The beat signal propagates through the first 
segment 910 having nonlinear optical properties, the second dispersive segment 920, and the 
third segment 930 which has nonlinear optical nonlinear characteristics substantially the 
same as the first segment 910. The pulses are compressed by the combination of the first 
nonlinear optical segment 910 and the second dispersive segment 920. These pulses are also 
exposed to the nonlinear effect of the third segment 930 in the CDPF, which preferably 
provides a degree of chirping. After exiting this section 900 of fiber, the optical pulses are 
input into the optical coupler 200 and the fiber optic loop 350: Additional pulse 
compression is provided by the fiber loop 350. The chirped pulse that exits the third segment 
930 of the CDPF preceding the fiber optic loop 350 is transmitted through the first dispersive 
segment 940 of the fiber optic line and undergoes compression therein. The optical pulse 
undergoes additional pulse compression in the remaining nonlinear and dispersive segments 
950, 960 of the fiber optic loop. Thus, the comb-like dispersion profile of the section of fiber 
900 preceding the fiber loop combined with the comb-like dispersion profile of the fiber loop 
300 itself provide pulse compression. One or more polarization controllers 360 may be 
introduced into the fiber optic loop 350 as illustrated in FIGURE 16 to fix the polarization 
states of the clockwise and counter-clockwise propagating waves. Accordingly, non- 
polarization-maintaining fiber and components may be employed. 
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[0069] Initial compression is introduced by the comb-like dispersion profile 
section 900 comprising the three fiber segments 910, 920, 930 which precede the fiber optic 
loop as shown in Figure 17. These exemplary pulses input into the input port 240 of the 
coupler 200, have a FWHM pulse width of between about 1 to 3 picoseconds. These pulses 
are substantially reduced in width as shown in Figure 18, which depicts the pulses output 
from the output port 240 of the coupler 200. The pulse width (FWHM) at the output 240 is 
less than about 1 picosecond. For example, a pulse having a pulse width of about 1.369 
picoseconds at the input 220 of the coupler 200 is compressed to a pulse of about 380 
femtosecond (fs) at the output 240, i.e., a reduction of about 1/3.6. 

[0070] Interference between the clockwise and counter-clockwise propagating 
waves in the optical mirror preferably results in substantial reduction of the pedestal noise as 
depicted in Figure 19, which shows the difference between the waveform output from the 
fiber segment 960 adjacent to the second fiber loop port 280 and the waveform output from 
the output port 240. After propagating around the fiber loop 350 through the three segments 
940, 950, and 960 in the clockwise direction, the pulses in one example, has more than about 
twice as much noise at its base than the pulses propagating from the output 240 of the coupler 
200. The comparison provided by Figure 19 demonstrates how pedestal noise is substantially 
reduced. Accordingly, using a comb-like dispersion profile fiber to form the fiber loop 350 
of a fiber mirror enables the pulse width to be substantially compressed while noise is 
substantially reduced. 

[0071] Although three fiber segments 910, 920, 930 are included in the CDPF 
900 preceding the optical mirror depicted- in Figures 15 and 16, more segments may be 
employed. Moreover, the arrangement of the separate segments is not to be limited to that 
described above, i.e., a nonlinear optical fiber segment, followed by a dispersive optical fiber, 
followed by another nonlinear optical fiber segment. For example, in the case where the first 
fiber segment 910 comprises nonlinear optical fiber (e.g., DSF), the second and third 
segments, 920, 930 may include respectively another nonlinear optical fiber (DSF) and a 
dispersive segment SMF or alternatively a dispersive fiber (SMF) and a nonlinear optical 
fiber (DSF). Also, if the first fiber segment 910 is a nonlinear optical fiber (e.g. DSF), other 
possibilities include the following combinations of additional fiber segments: 
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1) nonlinear (DSF), dispersive (SMF), nonlinear (DSF), dispersive (SMF), and nonlinear 
(DSF) 

2) nonlinear (DSF), dispersive (SMF), nonlinear (DSF), and dispersive (SMF) 

3) dispersive (SMF), nonlinear (DSF), dispersive (SMF), and nonlinear (DSF) 

4) dispersive (SMF), nonlinear (DSF), dispersive (SMF) 

Any other number of segments may also be included and the lengths of these segments may 
vary. These lengths, for example, may increase or decrease. 

[0072] As described above, the optical pulse generator is capable of 
simultaneously achieving both pulse width compression and removal of low intensity noise 
and is therefore useful as a pulse signal light source for application in a high-speed high-bit- 
rate communication systems. These communication systems may include a transmitter, an 
optical fiber transmission line, and an optical detector/receiver. The optical pulse generator 
100 may find application in the transmitter or in other components of the optical 
communication system. In addition to providing improved quality, short duration optical 
pulse, the pulse generator can be constructed by combining inexpensive, readily available 
optical components. For example, as discussed above the fiber line in the fiber loop 350 may 
comprise 1550 nm zero-dispersion shifted optical fiber and 1300 nm zero dispersion optical 
fiber instead of a specially fabricated fiber having a customized dispersion. 

[0073] The present invention may be embodied in other specific forms without 
departing from the essential characteristics as described herein. The embodiments described 
above are to be considered in all respects as illustrative only and not restrictive in any 
manner. As is also stated above, it should be noted that the use of particular terminology when 
describing certain features or aspects of the invention should not be taken to imply that the 
terminology is being re-defined herein to be restricted to including any specific characteristics 
of the features or aspects of the invention with which that terminology is associated. The scope 
of any invention is, therefore, indicated by the following claims rather than the foregoing 
description. Any and all changes which come within the meaning and range of equivalency 
of the claims are to be considered in their scope. 
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